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Numerical simulation results are presented for microscopic profile evolutions of deposited metal 
films in trench structures under ionized magnetron sputter deposition. The model used for the 
simulations takes account of the deposition of both ionized and neutral metal species and sputtering 
(i.e., etching) of the deposited film by the bombardment of metal and inert-gas (such as argon) 
ions. The evolution of the surface topography is calculated numerically using the shock-
tracking algorithm. Numerical results are also compared with experimental observations. A 
primary application of this metal deposition technique is interconnect metallization on 
semiconductors. c1995 American Vacuum Socieハ¥
I. INTRODUCTION 
Recently it has been demonstrated that ionized metal 
fluxeヽcanbe effectively utilized to fil trenches and vias with 
high aヽpectratios (i.e., depth to width ratios) under ionized 
magnetron sputter deposition旦 Metaldeposition (e.g .Al. 
Cu. etc.) into such small structures is used for high-density 
interconnections on semiconductor chips. Other metalliza-
tion techniques that rely on metal ions include, for example, 
metal-vapor plasma deposition by electron-cyclotron reso-
nance (ECR): ~-5 
In typical ionized magnetron sputter deposition. ion fluxes 
are almost unidirectional (perpendicular to the wafer sur-
face I. whereas neutral atom fluxes characteristic of conven-
tional magnetron sputter deposition typically have large 
angular distributions. The delta-function-like angular distri-
bution of the ion fluxes at the surface is. of course, due to ion 
acceleration in the sheath region adjacent the wafer. The 
amount of metal atoms resputtered from the surface by the 
ion bombardment may be easily controlled by the de-bias 
voltage applied to the wafer. With a sufficiently small dc-bias 
voltage (e.g .:520 V)、onemay assume that the ion fluxes are 
practically unidirectional and the sputtering yield is never-
thelcヽ negligibly small. With a higher voltage、on the other 
hand. the deposited metal film becomes subject to etching 
(i.e .ヽputtering)as well as redeposition, which may be used 
to control the overall filing profiles. 
The ratio of the ion flux to the neutral flux in ionized 
magnetron sputter deposition may also be easily controlled 
by adjusting the power applied to the radio-frequency induc-
tion (RF[) coil. The RFI coil is used to generate a plasma of 
the m~tal and working gas (e.g .• Ar) near the wafer. The 
topography of deposited films into microscopic structures is 
highly dependent on this ratio: higher ion fluxes lead to more 
anisotropic deposition (due to the directionality of the ion 
fluxes). whereas higher neutral fluxes generally contribute to 
the buildup of overhanging metal deposit at the mouth of a 
structure, often yielding a void inside a deep trench or via. 
In this article, we present numerical simulation results for 
metallization topography in various trench structures. Scan-
ning electron microscope (SEM) pictures taken from ionized 
magnetron spuucr deposition experiments are also presented 
for comparison with the numerical results. In the simula-
tions, deposition and etch rates are calculated at each point 
on the surface from the metal-ion, metal-neutral, and inert-
gas (such as Ar used as a working gas) fluxes incident on the 
surface. The surt・ace is then advanced in time according to 
the calculated deposition and etch rates. The numerical 
method to advance the surface is based on the shock-tracking 
method.6・7 The numerical scheme employed here is suffi-
ciently generic and may be readily applied to other deposi-
tion and etch processes such as ECR metal-vapor deposition, 
plasma-enhanced chemical vapor deposition (PECVD). etc. 
The goal of this article is to demonstrate that the model 
and simulation code provide sufficiently realistic and accu-
rate description of the processes and may be used to facilitate 
the development of metallization processes. More detailed 
numerical and experimental data of ionized magnetron sput-
ter deposition will be presented in future publications. 
I. CALCULATIONS OF DEPOSITION AND ETCH 
RATES 
In this article、weonly consider two-dimensional geo-
metrical structures such as infinitely long trenches. Let us 
take the x axis in the horizontal direction and the : axis in 
the vertical direction. The y coordinate is chosen accordingly 
to form the usual right-hand coordinate system. The system 
is then assumed to have a translational symmetry in the y 
direction. 
Under this coordinate system, the boundary between the 
solid material and vacuum (or gas phase) at time t may be 
represented by a curve given by the equation叔ふz.t)=O.
Etching and deposition processes may then be formulated as 
the time evolution of this surface. If the normal velocity C of 
the surface at each point is given, then the equation of mo-
tion for the surface is given by 
ゅ，+CIV if,I =O. (I) 
where the direction of the normal velocily C is taken in such 
a way that positive C= ICI indicales the direction of etching. 
To solve Eq. (I) numerically. we use the shock-tracking 
method developed in Ref. 6. (In Ref. 6, only cases for etch→ 
183 J. Vac. Sci. Technol. B 13(2), Mar/Apr 1995 0734-211 X/95/13(2)/183/9/$6.00 c1995 American Vacuum Society 183 
184 S. Hamaguchi and S. M. Rossnagel: Simulations of trench-filling profiles 1訊
L. 
boundary 
FIG. I. The curve represents the material boundary. 
ing are discussed. It is, however, straightforward to apply the 
same numerical algorithm to deposition cases simply by re-
versing the sign of the surface velocity.) 
To determine the local surface velocity C, we first calcu-
late how many metal atoms are deposited and reemitted at 
each point on the surface. For simplicity, we shall assume 
that the flow and diffusion of the materials along the surface 
are negligibly small, which is reasonable for most metals on 
a relatively low-temperature substrate. Although the bound-
ary is essentially two dimensional, the transport in the gas 
phase is three dimensional since the motions of atoms in the 
gas phase are not confined in the xz plane. 
Suppose the velocity distribution function of species er 
(e.g .• Al atoms) in the gas phase at X on the surface is given 





where N denotes the unit normal vector of the surface at X 
(see Fig. I). The total number of species a received on the 
unit area per unit time at X is then given by ./ =一ーm
“ 
N•F'" 
(Note that the minus sign arises since . 乃 >0.)Likewise, t心
outgoing flux~u• —i.e.. the flux reemitted from the 




and the total number of species a emitted from the unit area 
per unit time at X is given by . ア~Ul=N・冗叫
Let us denote the sputtering yields of the metal atoms due 
to impinging metal atoms of the same kind by Y,,+(0,1".') and 
the sputtering yield due to inert gas ions (such as Ar+) by 
Yg+(0,X'). Here the yields are assumed to depend on the 
angle 0 formed by the surface normal and the direction of 
impinging ions and the ion kinetic energy i:. As usual, the 
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sputtering yield is defined as the number of atoms that are 
removed from the surface due to the coll1s1on with a single 
ion impinging on the surt・ace. 
The number of metal atoms that are sputtered from the 
unit area of the surface per unit time by the metal-ion bom-
bardment is then given by 
f Y"'+(0,Y,)(N•v)J111+(v,X)dv, 
N•v<O 
where N•v=v cosRand i:.=½m炉 with v = lvl and m being 
the mass of the incoming metal ion. The velocity distribution 
function of the incoming metal ions are denoted by Im+. 
where the subscript m + denotes metal ions (rather than 
charge-neutral metal atoms). If the mass density of the metal 
film on the surface is denoted by p, then the sputtering (i.e., 
etch) rate due to the metal-ion bombardment becomes 
m c,,』卜=—J い((1, /,)(N•v)/,,,+(v,X)dv. 
P N-v<O 
(4) 
Since the incoming ions are the same species as those that 
form the metal film. the metal ions are simultaneously de-
posited with the deposition rate 
m 
D111+= -J (N•v)/,,,+(v.X)dv. 
P N-vく（）
The normal speed of the surface at position X due to the 
metal-ion bombardment is therefore given by C,, -D11., 
where the positive sign of the speed is taken in the direction 
of etching, as before. 
Likewise the etch rate C8+of the metal film due to the 
inert ion bombardment may be given by 
Cx+=竺Iy +(0. ど） (N•v)f +(v,X)dv, (5) 
p N•v<O K g 
1s the velocity d1stnbut10n tunct1on for the where fx, (v,X)・ 
inert-gas ions. 
We now assume that the sticking coefficient (probability) 
of metal atoms—i.e., the probability that a single neutral 
metal atom impinging on the surface sticks to the surface and 
stay on the surface—is constant and denoted by .'/. It then 






i.e . the outgoing flux is the sum of the reemitted metal atoms 
and the spunered metal atoms. Here the subscript 11 for 
-out -m 
Il 
./ and J denotes the char0e-neutral metal atoms. The 
Il O 
equation above gives a relation between the incoming flux 
．ア悶 andoutgoing flux .7~t of the metal atoms. 
The other relation between .7 in and .7 out 
Il Il 
arises from the 
fact that part of the metal atoms in the gas phase comes from 
the reemission (if S < I). and sputtering (if Y,,+ and Ygm今
are nonzero) from the deposited film.1-10 We denote the re-
emission incoming flux—i.e., the metal-atom flux that origi-
nates from the surface reemission of the deposited metal 
film-byアR . , . Likewise we denote the direct incoming flux 
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F10. 2. The side and top views of the trench structure. 
for al u. Note that f111(v,x) in Eq. (9) represents the distri-
bution function of the reemitted metal atoms at x if v satisfies 
n-v>O. 
Consider a velocity vector v that satisfies n•v>O, i.e., 
points from x to X. Denoting r=x-X and r=r/lrl, we may 
write v= -u i-.Then the position vector x becomes a function 
of v for fixed X. Using the usual polar coordinate system 
around the z axis, we may relate x to v as 
z y 
cos 0= -. tan </J=-=. 
r X 
where 
i=x-X, -z=z-Z, '-:2'_, r=、は十v-十z-.
x = (x, y, z) 
Note that the vector r= (ふ点）=rr is antiparallel to V 
＾ =-vr. 
Therefore, from Eqs. (2) and (9), we obtain 
ァR=-I (N•v)/町 v,X)dv
N-v<O 
from the magnetron cathode—i.e., the metal-atom flux that 
arriws al the sample surface without having been adsorbed 
before—by .TりEvidently
.7悶=.7R+_アD_ (7) 
Since the mean free paths of gas-phase ions and atoms are 
sufficiently larger than the dimensions of trenches, the trans-
po11 of the gas-phase particles may be described by the col-
lisionless kinetic equation (i.e., Vlasov equation) and called 
the Knudsen transport. For example, in the absence of exter-
nal forces, the transport equation of the metal atoms is given 
by 
V・ ~.f111(v,x) = 0, (8) 
which simply states that the distribution function /11 is con-
stant along a straight particle path in the direction of the 
velocity vector v. 
L~t the coordinates of point X on the surface be (X,O,Z), 
where we have chosen the origin of the coordinate system in 
such a way that X is on the x-z plane. We also choose 
another point x=(x,y,z) on the surface, where the unit nor-
mal vector of the surface is given by n (see Fig. 2). If the line 
segment connecting X and x does not intersect any part of 
theヽurfaceexcept at those end points (i.e., if x lies on a line 
of sight from X), it follows from Eq. (8) that 
=fガ'dsf x dy f x dv g(X,x)vデ(v.x)(r•N)Jr•nl, 
-,: 0 ,. 一
(10) 
where JR denotes the velocity distribution function for the 
metal ions that are reemitted or sputtered from the deposited 
film. Note that戸 alsosatisfies Eq. (9). In Eq. (IO), the 
integration over the velocity space was transformed to the 
integration over x: . ガ denotesthe surface boundary at the 
x-z plane, ds =~is the line element on the 
boundary curve, and therefore f./1 dsf二dyrepresents the 
integral over the entire surface. In deriving Eq. (IO), we have 
also used the relations 7 
v2 
dv=v2 sin () du d() cゆ=--,,Ir-oldsdy du. 
9― 
The function g (X,x) in Eq. (IO) is the visibility factor de-
fined by 
g(X,x)= 
{ I if x is visible from X 
0 . otherwise 
For two-dimensional structures, it is evident that we may 
write 
g(X,x) = g(X.~ 
with t=(x,0,z), i.e., the projection of x to the x-z surface. 
We further assume that the distribution function / R (v,x) 
for the reemitted metal atoms is given by the "generalized" 
cosine law. i.e., 
戸(v,x)= f,,(v,s)cos''0 for v-n;;,,Q, 
(II) 
(12) 
f,,,(v,X) = f,,,(v,x) (9) 
where€=(x,O,z). 0 is the angle between vectors v and n 
as before. and v (>-1) is a parameter. Note that the distri-
bution function /(v.x) is assumed to be independent of y due 
to the translational symmetry of the system in the y direc-
tion. Then the total outgoing flux of metal atoms from the 
unit area at x may be given by 
JVST B• Microelectronics and Nanometer Structures 
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.T~~l(t)= IエJ叩 v机，(v,t)cos1'+10, (13) 
() (V•n)>O 
where dll denotes the solid angle element. From the 0 de-
pendence of the integrand of Eq. (13), the reemission distri-
bution is called cosine when v=O. Likewise, an overcosine 
distribution may be obtained by choosing v>O and an under-
cosine distribution by -1 < v<O. 
Substituting Eq. (12) into Eq. (10) and using the relation 
derived from Eq. (13), i.e. 




(v+2)f r.( (r•N)lr•nlv+I 
= ? ds dy g(X.g). ア ~t(t) , , 
-1T I,'-:r. ,--
(14) 
where cos 0= lr•nl is used. Carrying out the integration in y 
then yields 
．戸(X)
=A,, 十4(11+2)f ds g(X,g). ア ~t(t> CR·NllR•nl ,+ 1 
1T . ガ
(15) 
Here R=IRI. R=R/R, and 
X dt 
A.,+4= f。圧+I)(2+ v12, 
叫芋噌）／叫／）
For the cosine distribution (11=0), we have A戸 1r/4.
Substituting Eqs. (6) and (7) into Eq. (15), we obtain 
A,,+4(v+2) 
戸 (X)= 7r (l-./)L/-5. 戸 K,,(X,f)
+.,;(x), 











The flux :? (X) may be calculated from the knowledge of the 
distribution functions for metal ions、inert-gasions, and the 
metal atoms that are directly emitted from the magnetron 
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target. The flux _7R of the reemitted metal atoms is, on the 
other hand, obtained from the integral equation (16) once 
:~(X) is given. 
Writingが=(m./lp).7Rand D0=(m.1/lp). ア0,we ob-
tain the rate of metal deposition as 
D=が +D0+D,,,+,
i.e., the sum of the deposition rates due to the metal atoms 
reemitted from the surface, the metal atoms directly from the 
magnetron cathode target, and the metal ions generated in the 
plasma. Since the deposited film is simultaneously etched by 
metal and inert gas ions. the net nonnal velocity of the sur-
face at Xis given by C-D with C = C, ぃ+Cg寸. Here the 
positive sign of the normal velocity is taken in the direction 
of etching as before. 
The neutral metal flux emitted directly from the magne-
Iron cathode target may be given at X on the sample surface 
by 
戸 (X)=f (N•v)g(X,x)/0(v.x)dv. (19) 
N• ヽ ・<O
where J0(v,x) is the distribution function of the spullered 
metal ions at x on the target cathode surface. Note that we 
have used Eq. (8) to replace the distribution function on the 
sample surface by f0(v,x). [Note also that some of the metal 
atoms sputtered from the target become ionized in the 
plasma. and thus do not arrive at X as charge-neutral par-
tides. In Eq. (19)、therefore,we consider J0(v,x) as the dis-
tribution function only for those metal atoms that reach X 
without being ionized.] 
I} 
It is now assumed that the distribution function f on the 
target is isotropic—i.e., independent of the direction of 
v―and independent of pos1t10n x: f 0(v.x)= { D . (v). This dis-
tribution is often referred to as the "cosine''distribution of 
the sputtered flux since the cosine function dependence 
arises from the inner product (N-v) in Eq. (19). Note that the 
distribution function fn on the target generally differs from 
the reem1ss10n distribution funct10n f R [Eq. (12)], for which 
we have assumed the generalized cosine distribution with the 
adjustable parameter 1. 
Choosing the usual polar angles 0 and <p around the : 
direction again. it is straightforward to evaluate Eq. (19): 
三 J,0"'0'd0 r:,:1:: (Nx sin 0 cos </J + NこcosO)G(0), 
(20) 
where N = (N . O,Nこ） and G(0) denotes the differential flux 
G(8)=27T sin 8 Ix du f/J(v). 
゜
In Eq. (20), Bmax is the maximum angle12 that 0 can take. 
which usually less than 1r/2 due to the flux collimation (see 
Sec. II). The limits of the azimuthal angle </J,.(8) and cp1(fJ). 
which are functions of 0, arise from the two-dimensional 
nature of the structure [see Fig. 2(b)]. The integration over <P 
may be easily caJTied out. 
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FtG. l la) Experimental aparatus. (b) The colimation angle Om,. due to the 
finite target. 
In particular, if the sample is completely flat, then we 
have N=(0,0,1), c/J,.(0)=0, and cp1(0)=7T. Therefore, this flat-
surt・ace flux of the metal atoms becomes 
• If(Bm0,)=I(I -cos Bmaxl Iv du u3戸(u).
゜Using this expression, Eq. (20) may be recast as 
乃 X)=
4. /I'S(Bmax) I/ma, <P1(1) 
7T(I -cos 2 ema,) f。defも(Il(Nx sin2 0 cos cp 
+N: sin ()cos ()d</J. (21) 
芭 ロ
(a) (b) (c) 
FIG. 4. Simulations of Al deposition into trenches with various aspect ratios: 
(a) 2.0. (b) 1.0, and (c) 0.714. The ion-to-neutral flux ratio is I: I and the 
sputering yield is 0. Also the sticking coeficient ,'/=I and the cosine 
resputer distribution (i.e., v=O) is assumed. 
Due to the de-bias voltage applied to the wafer, ions im-
pinge on the wafer surface vertically if collisions in the 
sheath are negligibly small. Therefore we assume for sim-
plicity that the ion fluxes are unidirectional and independent 
of position X. Then the metal-ion distribution functions may 





The distribution function f 1 + (v) for the inert-gas ions is also 
given similarly. 
Substituting Eq. (22) into Eq. (4), we obtain the etchrate 
C 1 + (><) due to the metal ions as a function of the angle 0 
formed by the surface normal N and the z axis (i.e., 
Nこ=cos0). The angle 0 also represents the slope angle 
measured from the x axis (see Fig. I). In particular. on the 
flat surface, the total flux of metal ions and the corresponding 
etch rate are given by 
.4ゲ＝「duv3f11 +(v) 
゜and 
2 7Tln "' 




(a) (b) (c) 
FIG. 5. SEM pictures of Al deposition under the conditions similar to Fig. 4. 
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FIG. 6. Simulations of Al deposition with various ion-to-neutral flux ratios: 
(a) 1:2、(b)I: I. and (c) 2: I. The other conditions are the same as those used 
in Fig. 4. 
For a general angle 0, we thus obtain 
C111+(0)=C111+(0)外，+(0)cos0, (24) 
where we have assumed that Y,,.+(0,6) 
＝尻，, ~ (0)Y,,. ャ(0/)forsimplicity. [Note that ,Y,,.+(0) 
= I.] Similarly the etchrate C8+ of the deposited metal film 
due to the inter gas ions may be expressed as 
cg .(0)= C8+(0)外+(0)cos0. 
The expressions given in Eqs. (21), (24), and (25) are used to 
evaluate the inhomogeneous term~in Eq. (17). 
(25) 
(=0.1 mm thick) at the sample wafer are negligible, so that 
the ions impinging on the sample surface may be assurned 
unidirectional. 
Under low pressure conditions (e.g., in the trnditional 
magnetron sputtering mode), the mean free paths become 
comparable to or larger than the tool dimension. Then, even 
without collimators, 1 the finite size of the target effectively 
limits the angular distribution of the metal atoms impinging 
on the sample surface. In this article. we only consider mi-
croscoptc structures located at the center of the wafer [Fig. 
3(b)]. Then the limit angle of the metal atom dist1ibution 
function is given by the polar angle 0max = 52.0°. The efects 
of collimators. which would typically be placed about 50 
mm below the magnetron cathode and thus further limit the 
angular distribution of the metal atoms. will be discussed in 
a future publication. 
The trench structures that are to be tiled with the metal in 
the experiments are typically les than 1μ,m deep and have 
various trench widths and sidewall angles. The aspect ratio 
of the trench is defined as the ratio of the depth to width. as 
Il. EXPERIMENTAL SETUP 
Figure 3(a) shows a schematic diagram of the ionized 
magnetron sputtering system. Details of the experiments may 
be found in Refs. l and 2. Without turning on the two-turn 
RFI coil, the system is a conventional dc magnetron sputter 
tool with a rotating magnet. The magnetron power may be 
varied up to 10 kW on the 200 mm target cathode (Al for the 
experiments presented in this article) and up to 30 kW on the 
300 mm cathode. A Si wafer of diameter 200 mm ismounted 
on a holder 90 mm below the magnetron cathode (target). 
The sputtered area on the cathode under the magnetron op-
eration is of diameter 230 mm, so the collimation angle (}max 
shown in Fig. 3(b) is given by tan 0max= 115/90, i.e., 
(Jmax=0.907=52.0°. Plasmas are generated by applying 
13.56 MHz power (up to 3 kW) to the RFI coil. In our 
experiments, the de-bias voltage on the substrate was varied 
up to -200 V and the Ar pressure was varied from l to 35 
mTorr. 
When higher ionization of the metal atoms is desirable, 
the pressure is maintained relatively high (about 35 mTorr). 
For example, at pressure 35 mTorr, the minimum mean free 
path is about 2.5 mm, which is derived from the peak value 
of the charge-exchange cross section (as a function of the 
kinetic energy) 40 A2. In this case, virtually al of the sput-
tered atoms are slowed down by collisions in the region be-
tween the target and sample and thus the rate of ionization 














































h1 = 1.0 
(b) 
0.4 0.6 
Ion Flux/ Total Flux 
Trench Depth = 1、AspectRatio (depth/width) = 2 
0.2 0.8 1.0 
FIG. 7. The relalion be1ween !he film thicknes in !he 1rench and 1he ion-lo・ 
neutrnl Hux ra1io. (a) Definilions of the film 1hickneses on the lop surfo,e 1 
and in !he t『enchh. (b)The relalion be1ween Ii and 1he ra1io R of 1h~ion 
flux 10 1he 101al flux (i.e .!he sum of 1he ion and neulral fluxes) for v.lrioUS 
h1・obtainedfrom the simulations. 
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(a) (b) (c) 
FIG. 8. SEM pictures of Al deposition under the conditions similar to Fig. 6. The ion-to-neutral flux ratios are approximately (a) 3:7. (b) I: I. and (c) 7:3. 
usual. The trenches are made of etched Si02 on Si and the 
wafer tl!mperature is usually maintained at less than 100°C 
during the ionized sputter deposition process. 
IV. NUMERICAL AND EXPERIMENTAL RESULTS 
In this section, we shall present some sample calculations 
and compare the numerical results to experimental observa-
tions. In the light of the relatively simple physical model that 
we have employed (i.e . the unidirectional ion flux, uniform 
angular distribution of neutral flux with the collimation cut-
off fJ11J,. no surface diffusion, etc.}, however, we do not at-
tempt to reproduce exact profiles that experiments exhibit by 
our simulations. The goal here is to demonstrate the validity 
of our physical model, and that the simulations can indeed 
predict cmTect tendency of experimental observations as one 
varieヽ experimentalconditions. 
Figure 4 shows simulation results of the metal deposition 
into trenches with three different aspect ratios (i.e., 2, I, and 
0.71-l). The shaded area represents the initial Si02 trenches. 
The tヽicking coefficient .'/ = I and sputtering yields 
Y,. ~ (・) = Yg + (0) = 0 (and therefore no etching taking 
place I are assumed. The ratio of the flat-surface ion flux to 
the !lat-surface neutral fluxes (after collimation) is assumed 
lo be . /,+ :. //,(()max>= I: I. Each solid line in the figures rep-
resentヽ theprofile of deposited metal at equal time intervals. 
The collimation angle Bma~=0.907=52.0°is employed for 
al th~simulations presented m this article. Strictly speaking, 
this i, valid only for low-pressure discharges. For relatively 
(a) (b) (c) 
FIG. 9. Simulaiions of Al deposilion wilh various 1otal spulcring yields: (al 
0. lbi U.6. and (c) 0.8. The 01her conditions are 1he same as !hose used in 
Fig.-+ 
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high-pressure discharges (e.g., 35 mTorr), sputtered atoms at 
the magnetron target are sufficiently randomized through 
collisions and the cutoff angle 0113, is expected to be close 10 
90°. 0 . ur s1mulat10ns show, however. that the uniform anuu-e 
lar distribution of the neutral Al atoms with fJma,=90°sig-
nificantly overestimates the contribution from the lateral 
component of the neutral flux when compared with experi-
ments. This may be attributed to the nonisotropic angular 
distribution /¥v,x). Since the true distribution function f0 is 
not readily available from the experiments, we employ the 
isotropic distribution with 011., =52°even for high-pressure 
discharges up to 35 mTorr. So the simulation results pre-
sented here somewhat underestimate the contribution from 
the neutral-flux lateral component in high-pressure dis-
charges and thus provide slightly more optimistic results for 
trench filing. 
Figure 5 shows the SEM pictures of Al deposition into 
trench structures obtained under conditions similar to Fig. 4. 
The dc magnetron cathode and RFI coil were powered at 2 
and I kW, and Ar pressure 35 mTorr was used. The dc-bias 
voltage at the wafer was 20 V、sothat the sputtering due to 
the Al and Ar ions was negligible. The ratio of the ion flux to 
neutral flux is approximately I: I under these conditions. 
In Fig. 6、numericalresults of trench filling with aspect 
ratio 2 are shown for different flat-surface flux ratios. The 
conditions used in these calculations are the same as those in 
Fig. 4(a) except'that the ion-to-neutral flux ratios 
. /2が：• //,(ema,)=2:l, 1:1. and 1:2 are used for Figs. 6(a). 
6(b), and 6(c), respectively. The total incoming flux 
．が＋．ん(8113,)is held constant for Figs. 6(a)-6(c)會 and
therefore the thicknesses of the deposited film on the top Si 
surface [ which is denoted by hr in Fig. 7(a)] are the same 
among these figures. 
Evidently, under the conditions used in Fig. 6. the height 
of the deposited metal in the trench, which is denoted by h in 
Fig. 7(a)彎 isa function of the ratio of the ion flux to the total 
fluxR=./2バI[.It++. /,(IJ113J) and the height of the top sur-
face film h_r, This information may be used to estimate the 
ion-to-neutral flux ratio if its direct measurement at the 
sample surface is not readily available. For example, our 
numerical simulations predict that h depends on R as shown 
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(a) (b) (c) 
FIG. 10. SEM pictures of Al deposition under 1he conditions similar to Fig. 6. The ion energies at the sample surface are approximately (a) 20 eV or les. (b) 
80 eV. and (c) 120 eV or more. 
in Fig. 7(b). for different values for h1 when the trench depth 
is I and aspect ratio is 2. Indeed, lengths are normalized by 
the trench depth in these simulations. Therefore the value of 
h1 (or h) in Fig. 7(b) may be interpreted as the ratio of the 
film thickness on the top surface (or in the trench) to the 
trench depth when compared with experiments. Experimen-
tal determination of the relation between h and R under vari-
ous conditions, including verification of Fig. 7(b). will be the 
subject of future studies. For a small flux ratio R, a void may 
be formed when h I becomes sufficiently large and thus h 
may have the maximum value (as a function of R). For ex-
ample, the simulations show that the maximum value of h is 
0.20 for R=O. 
Figure 8 shows SEM pictures of the deposition cross sec-
tions for trench filling as a function of increasing ion-to-
neutral flux ratio, similar to the simulations shown in Figs. 
6(a)-6(c). The ion-to-neutral flux ratios were directly mea-
sured in the experiments.2 Figure 8(a) is for the case of the 
lowest relative ionization: the ion-to-neutral flux ratio is ap-
proximately 3:7. Figures 8(b) and 8(c) show the effect of 
increasing the relative ionization to approximately I: I and 
7:3, respectively. In these runs, the magnetron discharge 
power, and hence the flux of neutral metal into the discharge 
was kept constant, and the rf power to the RFI coil increased. 
The relative magnetron-to-RF! power ratios were about 3: I 
for Fig. 8(a), 2: I for Fig. 8(b), and I: I for Fig. 8(c). 
Figure 9 shows the effects of increased sputtering at the 
sample surface, which may be compared with experimental 
results shown in Fig. I 0.In these simulations, the ion-to-
neutral flux ratio is I: I and the total sputtering yield Y 
= Y,,+十 Yi:+at the slope angle f<)=O is O for Fig. 9(a)、0.6
for Fig. 9(b), and 0.8 for Fig. 9(c}. Note that the total sput-
tering yield Y, rather than individual Y11T and Y8+ deter-
mines the deposition profile in our model if both Al and Ar 
ions have the same velocity distribution function at the 
sample surface (e.g., unidirectional in our examples) and the 
sputtering yields Y11 + (0,r,) and Y 8. (0/) for Al and Ar 
may be assumed to have the same functional forms. [See 
Eqs. (3)-(5).] The dependence of the sputtering yield Y on 
the slope angle (i.e., ion beam incident angle) 0 used for the 
simulations was taken from the experimental data of the Al 
etch rate measured by Lee. 13Although these data are based 
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on 300 eV Ar beam experiments, rather than low-energy 
(:S 120 e V) Al and Ar ions that we used in the experiments, 
we postulate that the functional form Y(fう） derived from Ref. 
13 does not essentially differ from the true function. [The 
absolute value of the etch rate is, however. readjusted in such 
a way that the total deposition rate on the flat surface— 
including the sputtering effect—becomes I for given Y(O) in 
Figs. 9(a)-9(c).] In the simulation code, cubic splines are 
used to represent a titting curve for the etch rate data given in 
Ref. 13, as shown in Fig. 1. 
It may be conjectured that sputtering at the depositing 
film surface would be a desirable effect; the sputtering 
should etch away any overhanging deposits and leave the 
trench structure wide open. This is indeed what occurs when 
the trench width is sufficiently larger than the deposited tilm 
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F1a. 1. The dependence of the normalized etch rate [ which is proportional 
to Y(0)cos 0] for Al as a function of the slope angle (i.e .angle of ion 
beam incidence) 0. Solid circles are experimental data taken from Ref. I 3 
and the fiting curve is represented by cubic splines. 
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rable with the trench width, the atoms sputtered from one 
side of the trench are collected on the opposite side. This 
leads 10 a lateral buildup of resputtered materials, which can 
eventually result in closing off the trench [Fig. 9(c)]. 
The experimental depositions of this same effect are 
shown in Figs. IO(a)-IO(c). The film shown in Fig. IO(a) 
was deposited with ion energies of 20 eV or les: enough to 
cause a Jirect1onal depos1t1on, but insufficient to cause maJor 
respu11ering at the surface. Figure IO(b) shows the effect of 
increaヽingthe ion energy to about 80 eV, and Fig. IO(c) 
show~the result with ion energies of 120 eV or more. Al-
though we have not yet determined the relationship between 
the ion energy and the sputtering yield Y, the simulation 
resultヽ clearlyshow the correct tendency of the deposition 
profiles with mcreasmg 10n energies. 
V. CONCLUDING REMARKS 
We have presented numerical calculations of microscopic 
surface profile evolutions under ionized magnetron sputter 
metal Jcposition. The numerical algorithm for the simula-
tions iヽbasedon the shock-tracking method,6 which solves 
the equation of moving surfaces with high accuracy. 
Under general conditions, the evolving surfaces are sub-
ject lヽ imultaneousdeposition (due to impinging neutral and 
ionic metal species) and etching (due to sputtering by metal 
and inert-gas ions). The local deposition and etch rates are 
calculated from the incoming fluxes at the surface. The cal-
culations of the fluxes involve the solution to the integral 
equation (16), which describes the self-consistent transport 
of the reemitted metal atoms. [Note however that, if .'/=I。
恥 (161becomes simplified and no longer an integral equa-
tion.] Since the dimensions of the microscopic features (i.e., 
trench structures) are sufficiently smaller than the mean-free 
paths of the gas-phase species, the transport of ions and neu-
tral atoms is of Knudsen type. 
The parameters that need to be specified for the simula-
lion model are the sputtering yield curves Y 11 + (0) and 
Y~ • (<->) as functions of the slope angle 0 for metal and 
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inert-gas ions, the sticking coefficient .1/ for the metal atoms, 
the degree v of the generalized cosine law for sputtered at-
oms, and the fluxes of inert-gas ions, metal atoms, and metal 
ions from the ionized magnetron source. The velocity distri-
butions of ions at the sample surface are assumed to be uni-
directional and the neutral metal distribution from the 
plasma/sputtering source is assumed to be isotropic with the 
collimation angle (jmax . Surface diffusion of metal atoms are 
assumed to be negligible. In the cases presented here, . ゾ=I
and v=O (i.e., usual cosine distribution) are used. 
As we have shown in Sec. JV, the simulation model yields 
correct profiles of deposited metal in trench structures with 
various aspect ratios. This vindicates our assumptions for the 
model described in Sec. I. More quantitative comparison 
between simulation results and experiments, as well as use of 
the simulations to optimize the profile control, will be pre-
sented in future publications. These later results will also 
show the effects of varying the ion energy and hence the 
amount of resputtering at the wafer surface in order to con-
trol the film profiles. 
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